Radio frequency emissions from dark-matter-candidate magnetized quark
  nuggets interacting with matter by VanDevender, J. Pace et al.


Radio frequency emissions from dark-matter-candidate magnetized quark nuggets 
interacting with matter  
J. Pace VanDevender1, C. Jerald Buchenauer2, Chunpei Cai3, Aaron P. VanDevender4, and 
Benjamin A. Ulmen5 
1VanDevender Enterprises LLC, 7604 Lamplighter LN NE, Albuquerque, NM 87109 USA. 
2Department of Electrical and Computer Engineering, MSC01 1100, University of New Mexico, 
Albuquerque, NM 87131 USA. 3Department of Mechanical Engineering and Engineering 
Mechanics, Michigan Technological University, MEEM 1013, 1400 Townsend Drive, 
Houghton, Michigan 49931, USA. 4Founders Fund, One Letterman Drive, Building D, 5th Floor, 
Presidio of San Francisco, San Francisco, CA 94129 USA. 5MS-1159, Sandia National 
Laboratories, Albuquerque, NM 87115-1159 
*pace@vandevender.com 
 
Quark nuggets are theoretical objects composed of approximately equal numbers of up, 
down, and strange quarks. They are also called strangelets, nuclearites, AQNs, slets,  
Macros, and MQNs. Quark nuggets are a candidate for dark matter, which has been a 
mystery for decades despite constituting ~85% of the universe’s mass. Most previous 
models of quark nuggets have assumed no intrinsic magnetic field; however, Tatsumi 
found that quark nuggets may exist in magnetars as a ferromagnetic liquid with a magnetic 
field BS = 1012±1 T. We apply that result to quark nuggets, a dark-matter candidate 
consistent with the Standard Model, and report results of analytic calculations and 
simulations that show they spin up and emit electromagnetic radiation at ~104 to ~109 Hz 
after passage through planetary environments. The results depend strongly on the value of 
Bo, which is a parameter to guide and interpret observations. Although radio-frequency 
emissions can in principle be used to detect this candidate for dark matter, we show that 
building and fielding such a detector would be exceedingly challenging. 
 
Introduction 
About 85% [1] of the universe’s mass [2-4] does not interact strongly with light; it is called dark 
matter [5]. Extensive searches for a subatomic particle that would be consistent with dark matter 
have yet to detect anything above background signals [6-12]. Macroscopic quark nuggets [13], 
which are also called strangelets [14], nuclearites [15], AQNs [16], slets [17], and Macros [18] 
are theoretically predicted objects composed of up, down, and strange quarks in essentially equal 
numbers. Quarks are the basic building blocks of protons, neutrons, and many other particles in 
the Standard Model of Particle Physics [19]. All quark nuggets interact [5,19-22] with all matter 
through the gravitational force and with each other through the strong nuclear force. A brief 
summary of quark-nugget research [23-43] on charge-to-mass ratio, formation, stability, and 
detection has been updated from Ref. 24 and is provided for convenience as Supplementary 
Note: Quark-nugget research summary.  
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Most previous models of quark nuggets have assumed negligible self-magnetic field. However, 
Tatsumi [23] explored the internal state of quark-nugget cores in magnetars and found that quark 
nuggets may exist as a ferromagnetic liquid with a surface magnetic field BS = 10
12±1 T. 
Although his calculations used the MIT bag model with its well-known limitations [28], his 
conclusions can and should be tested. We have applied his ferromagnetic-fluid model of quark 
nuggets in magnetars to magnetized quark nuggets (MQNs) [24,44] dark matter and extend those 
results to calculate how MQNs rotate and radiate radio frequency (RF) emissions during and 
after interaction with normal matter. We also explore how the RF emissions can enable detection 
of MQNs. 
As done in references 24 and 44, we will use Bo as a key parameter. The value of Bo is related to 
the mean value < BS> of the surface magnetic field through 
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If MQN mass density ρQN = 1018 kg/m3 and the density of dark matter ρDM = 1.6 × 108 kg/m3 at 
time t ≈ 65 μs (when the temperature T ≈ 100 MeV in accord with standard ΛCDM cosmology), 
then Bo = < BS>. If better values of ρQN, and ρDM are found, then the corresponding values of < 
BS> can be calculated with equation (1) from those better values and from Bo determined by 
observations. 
Previous papers on MQNs showed:  
1) self-magnetic field aggregates MQNs with baryon number A = 1 into MQNs with a broad 
mass distribution [44] that is characterized by the value of Bo and typically has A between ~10
3 
and 1037, 
2) aggregation dominates decay by weak interaction so massive MQNs can form and remain 
magnetically stabilized in the early universe even though they have not been observed in particle 
accelerators [44],  
3) the self-magnetic field forms a magnetopause that strongly enhances the interaction cross 
section of a MQN with a surrounding plasma [24] that is primarily sustained by radiation and 
electron impact ionization in the high temperature plasma formed by normal  matter stagnating 
against the magnetopause,  
4) Bo > 3 × 10
12 T is excluded [44] by the lack of observed deeply penetrating impacts that 
deposit > Megaton-TNT equivalent energy per km, so Tatsumi’s range of BS is reduced to 1 × 
1011 T ≤ Bo ≤ 3 × 1012 T,  
5) MQNs satisfy criteria for dark matter even with baryon’s interacting with MQNs through the 
self-magnetic field [44], and 
6) the unexcluded range of Bo, the low (~7 × 10
-22 kg m-3) density of local dark matter, net 
incident velocity of ~250 km/s, and the high average mass of MQNs constrain the flux of MQNs 
of all masses to between 10-7 and 4 × 10-15 m-2 y-1 sr-1 and constrain the flux for MQN masses >1 
kg to between 3 × 10-14 and 2 × 10-17 m-2 y-1 sr-1, so very large area detectors or very long 
observation times are required [44] to detect MQNs. 
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In this paper, we investigate the possibility of detecting MQNs interacting with the largest 
accessible target: Earth, with its magnetosphere to 10 Earth radii. We show MQNs necessarily 
experience a net torque while passing through matter, can spin up to kHz to GHz frequencies, 
and emit sufficient narrow-band electromagnetic radiation that could be detected in additional 
tests of the MQN hypothesis for dark matter.  
Detection is also complicated by the magnetopause plasma (hot ionized gas) shielding some 
radio-frequency (RF) emissions. Spacecraft re-entering the atmosphere cannot communicate with 
ground stations because the surrounding plasma shields the emissions until the spacecraft slows 
down. The same blackout effect prevents RF emissions from MQNs from being detected during 
the high-velocity interaction of MQMs with matter in the troposphere or ionosphere.  
However, MQNs that exit the atmosphere can be detected by their narrow-band, time-varying RF 
radiation, with frequency equal to the rotation frequency. In addition, MQN detection rate should 
be strongly correlated with the direction of dark-matter flux into the detector aperture. That 
preferred direction is determined by Earth’s velocity about the galactic center and, consequently, 
through the dark-matter halo. These characteristics should permit their detection and 
differentiation from background RF. 
 
Results 
In this section, we show 1) when MQNs interact with matter, their rotational velocity increases 
as their translational velocity decreases, 2) MQNs passing through Earth’s atmosphere on a fly-
by trajectory produce sufficient RF emissions to be detected by satellites but not ground-based 
sensors, and 3) the frequency, RF power, and event rate depend strongly on the value of the Bo 
parameter in equation (1). 
Rotational spin-up 
A MQN moving through ionized matter experiences a greatly-enhanced slowing down force [24] 
through its magnetopause, which is the magnetic structure formed by particle pressure from a 
plasma stream balancing magnetic field pressure around a magnetic dipole. For example, the 
solar wind forms a magnetopause with Earth’s magnetic field. Since the particles’ mean free path 
for collisions is much larger than the Larmor radius in the magnetic field, the physics of Earth’s 
magnetopause is collisionless and applicable to the very small-scale lengths of a quark-nugget’s 
magnetopause.  
As derived in Ref. 24, the cross section σm for momentum transfer by the magnetopause effect is 
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for MQN radius rQN, MQN speed v, and mass density of surrounding matter ρx. The total force Fo 
exerted by the plasma on the quark nugget is approximately  
2
o m xF v  .      (3) 
Equations (2) and (3) let us calculate the torque on the MQN and its rotational velocity during 
passage through matter. Papagiannis [45] showed that the solar wind, which has mass density ρx 
≈ 10–20 kg/m3 and velocity v ≈ 3.5 × 105 m/s, exerts a torque T (N ⋅ m) on Earth (radius ro = 6.37 
× 106 m and magnetic field Bo = 3. × 10
–5 T) as a function of the angle χ between the magnetic 
axis and the normal to both the magnetic axis and the direction of the solar wind. His semi-
empirical result is expressed in MKS units as  
 0.5 32 tanx o QNT C vB r  ,      (4) 
in which C2 = 1400 with units of 
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m-1.5T -1. Papagiannis validated the expression for the 
angles χ within 0.61 radians of 0 and within 0.61 radians of π (i.e. –0.61 ≤ χ ≤ +0.61, –3.14 ≤ χ ≤ 
–2.53, and +2.53 ≤ χ ≤ +3.14, as illustrated in Fig. 1). By symmetry of the magnetic field, the 
torque is 0 at χ = 0 and χ = ± π/2.  
Since Papagiannis was only considering Earth, he limited his calculations to within 0.61 radians 
of the normal to the plasma velocity. Rigorously reproducing and extending his computational 
results to the larger angles required for MQN rotation is beyond the scope of this paper. 
Therefore, we extend his results by observing the amplitude of the torque is symmetric about χ = 
–3π/4, –π/4, π/4 and 3π/4, as shown in Fig. 1 by solid blue lines, and approximate the rest of the 
torque function by extrapolation of the tan(χ) function in equation (4), as shown with dotted blue 
lines in Fig. 1. The resulting functions Fχ and T, shown in equation (5), replace equation (4).  
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Figure 1. Generalization of the tan(χ) factor in equation (4), in which χ is the angle between 
the magnetic axis and the normal to both the magnetic axis and the quark-nugget’s 
direction of travel in the rest frame of the quark nugget. The solid red lines indicate the 
angles computed by Papagiannis; the solid blue lines indicate extensions by symmetry. Dotted 
blue lines indicate functional extrapolation of Papagiannis and symmetry-extension values.  
The torque is negligible for Earth but is very large for a quark nugget. The rate of change of 
angular velocity ω for MQN with mass mQN, moment of inertia Imom = 0.4 mQN rQN2 experiencing 
torque T is  
mom
d T
dt I

  .     (6) 
Equations (2) through (6) were solved for the angular velocity versus time. The interaction 
produces a velocity-dependent and angle-dependent torque that causes MQNs to oscillate 
initially about an equilibrium. Since the quark nugget slows down as it passes through ionized 
matter, the decreasing forward velocity decreases the torque with time, so the time-averaged 
torque in one half-cycle is greater than the opposing time-averaged torque in the next half-cycle. 
The amplitude of the oscillation necessarily grows, as shown in Fig. 2. Once the angular 
momentum is sufficient to give continuous rotation, the net torque continually accelerates the 
angular motion to produce a rapidly-rotating quark nugget. As shown in Fig. 2, MHz frequencies 
are quickly achieved even with a 0.1 kg quark nugget moving through 1 kg/m3 density air at 250 
km/s. For smaller or larger masses, the resulting angular acceleration and velocity are 
respectively larger or smaller. 
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Figure 2. Calculated frequency versus time for 0.1 kg MQN with Bo = 2.25 × 1012 T, initial 
velocity of 250 km/s, and passing through air at density 1.0 kg/m3. Note the initial oscillation 
is about 0 until angular momentum becomes sufficient to complete a full rotation.  
Several other approximations for the torque in the intervals shown with dotted lines in Fig. 1 
gave the same frequency within 5%., which is within the uncertainty of the magnetic field 
parameter Bo.  
Equilibrium frequency and radiated power 
Rotating magnetic dipoles emit electromagnetic radiation in the far field with power per 
steradian [46] given by 
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in SI units , with Zo = 377 Ω and k = ω/c, where ω is angular frequency and c is the speed of light 
in vacuum. The magnetic dipole moment mm = 4π Bo rQN3/μo, and angle of rotation χ is the angle 
between the velocity of the incoming plasma and the magnetic moment. The total power radiated 
[46] is 
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The spin-up process strongly depends on the details of the surrounding material mass and MQN 
velocity along the path of the MQN, the MQN mass, and surface magnetic field Bo. In spite of 
these complexities, we find that the spin-up time is very much less than the MQN transit time 

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through the region of highest torque, and the lower limit of final rotation frequency can be 
adequately estimated by assuming the energy gained per cycle equals the energy radiated per 
cycle: 
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in which the torque T is given by equation (5) and the radiated power P is given by equation (8). 
Combining equations (5) through (9) gives 
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In the simulations discussed below, we solve equations (2) and (3) for position and velocity v(t) 
calculated along a trajectory through the atmosphere to the position of maximum density ρx, 
where we solve equation (10) for the lower-limit to the maximum frequency ωmax.  
Attenuation of RF power by magnetopause plasma 
The surrounding magnetopause plasma has a characteristic plasma frequency 
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in which ne = the local electron number density, e = the electron charge, and me = the electron 
mass. The characteristic e-fold length for attenuating the radiated power for frequency ω < ωpe is 
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In practice, the scale length 0.5c/ωpe is approximately 0.5% of the ion Larmor radius, which is 
approximately the minimum thickness of the magnetopause boundary. Therefore, magnetopause 
plasma strongly absorbs RF energy for frequencies less than the plasma frequency.  
Since the frequency of observable RF emissions from MQNs are limited to greater than the local 
plasma frequency, which varies with solar activity, practical detection of MQNs by their RF is 
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limited to ≥0.4 MHz in the magnetosphere and ≥40 MHz in the ionosphere. The equilibrium 
frequency of the MQN spin-up process and the high density of the troposphere means, in 
practice, all RF emissions in the troposphere are strongly shielded. Therefore, we will focus on 
detecting MQNs in the magnetosphere after they have transited Earth’s atmosphere, as illustrated 
in Fig. 3. 
 
Figure 3. Near Earth environment with MQN trajectories (red lines). Three concentric 
circles represent MQN interaction volume: highly ionized and low density magnetosphere and 
ionosphere (purple); weakly ionized or neutral, low-density troposphere (blue), and neutral, high-
density planet (gray). Satellites S1 and S2 are shown in orbits that let them monitor narrow-band 
RF emissions by scanning the volume against the low-noise background in the direction out of 
the Milky Way’s disk. The vertical ring (light blue) is a detection-area element for simulations of 
MQNs interacting with magnetosphere, ionosphere and troposphere, as discussed below. 
The middle MQN trajectory in Fig. 3 represents a direct impact [24]. The bottom trajectory 
represents a MQN that is gravitationally captured and does not exit into the magnetopause. The 
top trajectory represents a MQN that spins up during transit and is detected by satellite S1. 
Satellite S2 would not detect these MQNs since they have not passed through sufficient matter to 
spin up. Therefore, appropriate differences in event rates for satellites in position S1 and S2 
would support detection of dark matter. 

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Trajectories of quark nuggets are from a preferred direction in Fig. 3 because the velocity of the 
solar system about the galactic center and through the halo of dark matter nearly dominates the 
random velocity of quark nuggets, as discussed in the next section.  
Discriminating MQN events from background 
Theoretical models of the effect of dark matter are guided by astrophysical observations, which 
are consistent with a mass density of dark matter near Earth of about 7 × 10–22 kg/m3 ± 70% [22]. 
This extremely low mass density and the very broad mass distributions [44] mean that the flux of 
MQNs is very low. Detecting them over the full range of not-excluded values of Bo requires 
interaction volumes of at least planetary size and requires a means of reliably subtracting 
background. The orientation of the sensed MQN flux with respect to the direction of inflowing 
dark matter provides one such opportunity. 
Models differ in their degree of self-interaction. Computer simulations [47] covering a 
substantial portion of these models indicate dark matter occupies a halo within and around the 
galaxy’s ordinary matter and has a Maxwellian-like, isotropic velocity distribution. Although 
simulations predict the velocity distribution of dark matter varies somewhat with the self-
interaction model, the most probable, isotropic speed is ~220 km/s with a full-width-at-half-
maximum of ~275 km/s.  
The solar system moves through this high-speed dark-matter halo in its ~250 km/s motion about 
the galactic center. The direction of this motion is towards the star Vega, which has celestial 
coordinates Right ascension 18h 36m 56.33635s, Declination +38° 47′ 01.2802″. In addition, 
Earth moves around the Sun at ~30 km/s. The vector sum of these two velocities gives the net 
velocity of Earth through dark matter, and the negative of this vector sum is the velocity of dark 
matter relative to Earth, shown in Fig. 4 for the position of Earth on the first day of each month.  
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Figure 4. For the first day of each month, Earth’s position and velocity about the Sun are 
shown. The solar system’s velocity towards Vega is shown by the black vector from the Sun. 
The net velocity vector of dark matter into Earth is shown in blue for each month. The effects of 
the 23.5° angle between Earth’s equatorial plane and the ecliptic and the 38.8° angle between 
Earth’s equatorial plane and Vega’s position are not shown.  
A sensor on Earth should detect the most events per hour when it is sensitive to the flux of dark 
matter from the direction of Vega and much less when Earth shields the detector from the flux. A 
satellite in orbit about Earth would encounter a higher flux of MQNs when it is not shielded by 
Earth and when it is within range of MQNs that have transited through enough matter to spin up, 
as illustrated by S1 in Fig. 3.  
The dark-matter velocity distribution has a streaming component Us relative to the sensor and an 
isotropic component Uiso relative to the galactic center. The isotropic component smooths the 
transition between the directly exposed and Earth-shielded conditions. Uiso can be adequately 
approximated for our purposes as the highest probability thermal speed 
2
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  of a 3D 
Maxwellian velocity distribution of dark matter with mass M and with temperature T, where k is 
the Boltzman constant. Simulations [47] indicate that Us ≈ Uiso. Therefore, we calculated the 
detection rate as a function of the sensor's orientation on Earth with respect to Vega and S = 
Us/Uiso using the method developed by Cai, et al. [48]. The results are shown in Fig. 5.  
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Figure 5. Calculated and normalized variation of dark matter flux streaming from the 
direction of the star Vega as a function of polar angle θ from Vega’s zenith.  
If this variation with respect to Vega’s position is observed, i.e. the event rate for satellite S2 in 
Fig. 3 is appropriately and systematically less than the event rate for S1, the result would be 
convincing evidence of having detected MQN dark matter.  
Including MQNs from all directions 
The flux in Fig. 5 is normalized to Fθ=0, the total number of events m
-2 y-1 sr-1 for a detection 
surface facing directly into the streaming velocity Us, and was approximated from the mass 
distributions in Ref. 44, assuming the mean incoming velocity Us = 2.5 × 10
5 m/s and assuming 
the effect of Uiso ≠ 0 on the flux is negligible to first order for θ = 0. Assuming cylindrical 
symmetry in azimuthal direction φ and integrating the curve in Fig. 5 over solid angle with dΩ = 
sinθ dθ dφ gives the correction factor for estimating the event rate in m-2 y-1 for MQNs incident 
from all directions 
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The results of the simulation for θ = 0 in subsequent sections are multiplied by 5.56 to estimate 
the event rate for MQNs from all directions. 
Simulating MQNs flying by Earth 
Consider the simple case of a quark-nugget with a trajectory parallel to a tangent to Earth, as 
illustrated by the three trajectories in Fig. 3. Satellites sense MQNs after they have transited the 
highest density matter along their trajectories and experienced the corresponding torque, as 
described in equation (5), to produce the maximum frequency and radiated power. After they 
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pass into the magnetosphere, they can be detected since their emissions above ~ 0.4 MHz are no 
longer shielded by the higher-density plasma of the ionosphere. 
In our simulations, Earth’s atmosphere is divided into increments ∆h of altitude h. MQN 
trajectories are characterized by their minimum altitude for 0 < h ≤ 9 re, for re = 6.378 × 106 m, 
which is one Earth radius. For each increment ∆h, test MQNs with masses consistent with the 
mass distributions of Ref. 44 are injected from the right in Fig. 3 with initial velocity in the x 
direction vx = -Us = -2.5 × 10
5 m/s. Their positions and velocities are calculated under the 
combined effects of gravity and magnetopause interaction. For each test particle, the maximum 
torque encountered in its trajectory, i.e. the torque in equation (5) at the maximum value of the 
product of total velocity and the square root of the local mass density, is used to calculate the 
equilibrium frequency from equation (10) and the corresponding RF power from equation (8).  
Characteristic times τup = ωmax Imom/Tmax for spin up and τdown = 0.5 Imom ωmax2/Pmax for spin down 
by radiation loss are calculated. Since we find τup is much less than transit time through the 
atmosphere, ωmax is the lower limit to the maximum frequency, from equation 10. The value of 
τdown helps determine the detectability of each representative MQN. Characteristic e-fold times 
for spin up and spin down are included in Supplementary Results: Representative Data Tables 
for Sensor Design. Values of τdown vary from a minimum of 2.4 × 103 s to a maximum of 1.9 × 
106 s and provide adequate time for detection. 
The cylindrically symmetric cross sectional area Ah associated with the altitude increment ∆h and  
altitude h above Earth radius re is illustrated in Fig. 3 and is given by 
2 ( )( )h eA r h h   .      (14) 
MQNs with final velocity exceeding low-Earth orbital velocity ≥7400 m/s escape the RF-
absorbing ionosphere and will be recorded by a satellite-based sensor.  
Atmospheric density as a function of altitude h = r – re for MQNs at radius r and Earth radius re 
were derived from the literature and fit with the following equations: 
For radius r below the magnetosphere [49], i.e. 0 > r – re > 2.873 × 105 m: 
 31.0exp( ( ) / 7.25 10 )atm er r x        (15) 
and for radius r in the magnetosphere [50], i.e. 2.873 × 105 m > r – re > 10 re: 
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Mass density in Earth’s magnetosphere depends strongly on solar activity and varies greatly. The 
data in Ref. 50 were averaged to produce equation (16), which should be adequate to estimate the 
annual event rate.  
Our simulations show MQNs radiating between 10-28 W and 10+13 W and at frequencies between 
0.35 MHz and ~2 GHz. Very high frequencies are associated with negligible RF power, and very 
high powers are associated with frequencies that are shielded by the magnetopause plasma. 
Results for RF power as a function of frequency are shown in Fig. 6 for events radiating at more 
than 1 μW and at frequencies more than 100 kHz. Results are shown for four representative and 
non-excluded values of Bo. 
 
Figure 6. Data points for RF power as a function of maximum equilibrium frequency for 
MQNs transiting through Earth’s atmosphere for four representative values of Bo are 
enclosed within the four perimeters: solid blue for Bo = 3.0 × 1012 T, dashed blue for Bo = 
2.5 × 1012 T, dashed red for Bo = 2.0 × 1012 T, and dotted red for Bo = 1.5 × 1012 T.  
As shown in Fig. 6, highest power emissions occur at the lowest frequencies and highest values 
of Bo. These originate from the most massive MQNs penetrating the troposphere, but there are 
very few of them. The map associated with Bo = 1.5 × 10
12 T is common to the maps of all Bo 
values. The differences represent aggregation run-away as discussed in Ref. 44.  
Figure 6 represents events by frequency and RF power but does not indicate the expected 
number of events per year. For each test MQN, the effective target area, given by equation (14), 
was multiplied by the corresponding number flux from Ref. 44 and by the 5.56 factor from 
equation (13), and summed over all simulated events with RF power greater than a sensor’s 
detection threshold to estimate the number of events that might be observable per year as a 
function of detection threshold. The results are shown in Fig. 7. 

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Figure 7. Number of events per year expected, from all directions, above the indicated 
detection threshold of RF power for MQNs transiting through Earth’s atmosphere for four 
representative values of Bo: solid blue for Bo = 3.0 × 1012 T, dashed blue for Bo = 2.5 × 1012 
T, dashed red for Bo = 2.0 × 1012 T, and dotted red for Bo = 1.5 × 1012 T.  
At 1 nW threshold, the number of events per year that might be detectable in space out to 10 re is 
~5000, ~400, ~14, and ~3 for Bo = 1.5 × 10
12 T, 2.0 × 1012 T, 2.5 × 1012 T, and 3.0 × 1012 T, 
respectively. For 1 μW detection threshold, the number events per year drops to ~800, ~100, ~3, 
and ~1.5 for Bo = 1.5 × 10
12 T, 2.0 × 1012 T, 2.5 × 1012 T, and 3.0 × 1012 T, respectively.  
The number of events per year decreases so strongly with increasing Bo because larger values of 
Bo cause faster aggregation of MQNs in the early universe and, consequently, larger mass MQNs 
[44]. Since the mass per unit volume of dark matter is constrained by observations to be ~ 7 × 10-
22 kg/m3, the number density of MQNs decreases for increasing mass and increasing Bo. So the 
flux of MQNs and detection rate decrease for increasing Bo.  
Detailed results for MQNs with RF power greater than 1 nW and with sufficient flux to be in the 
most probable 80% of events are provided in Supplementary Results: Representative Data Tables 
for Sensor Design. The information should be useful for designing sensors for detecting MQNs. 
Discussion 
We have shown that MQNs transiting through ionized matter experience a torque on their 
magnetopause and spin up to high frequencies, ranging from kHz to GHz, depending on MQN 
mass and velocity, mass density of the surrounding matter, and the Bo parameter. Rotating 
MQNs radiate. If the radiation is above the plasma frequency of the surrounding matter, the RF 
radiation will propagate and can, in principle, be used to detect MQN dark matter at a substantial 
distance.  


Our results have identified requirements for MQN detection systems. However, actually 
detecting MQNs by their RF radiation would be exceedingly challenging.  
We did examine the possibility of using ground-based sensors to detect MQNs transiting the 
magnetosphere and radiating at >40 MHz, the cut-off frequency of the ionosphere. The event rate 
is at most 0.3, 0.02, 0.0004, and 0.00007 per year even if 2π steradians solid angle can be 
observed. A space-based system is more promising. 
A space-based system of satellites in polar orbit at approximately 10 Earth radii could look 
perpendicular to the galactic plane, where the RF background is minimal, and scan for MQN 
emissions as illustrated in Fig. 3. If an MQN candidate is found, all available sensors could track 
it to estimate its trajectory. The pattern of trajectories with respect to the direction of Vega, 
frequency, and rate of change of frequency would provide strong evidence of MQNs and 
eventually characterize the actual mass distribution of MQNs to compare with the predictions of 
Ref. 44.  
Very low mass MQNs will have frequencies of up to 2 GHz, but their negligible RF power 
precludes their being detected. Very high mass MQNs will emit RF power of up to 1013 W, but 
their negligible flux makes their detection unlikely in a year of observation. As shown in 
Supplementary Results: Representative Data Tables for Sensor Design, frequencies between 100 
kHz and 800 kHz are the most likely frequencies to be observed from MQNs. 
As shown in equation (7), the radiation pattern of MQNs varies as sin2(χ) for angle χ relative to 
MQN axis of rotation. Since magnetic moments of incoming MQNs have randomly distributed 
orientations, a system of satellites with overlapping sensor apertures is necessary to provide 
complete coverage.   
Discerning quark-nugget signals from all human-caused and naturally occurring, non-MQN RF 
is facilitated by their characteristics: 1) narrow-band RF, unlike RF from lightning and other 
discharges, 2) continuous emissions, unlike pulsing radars, 3) relatively unmodulated in 
frequency and amplitude, unlike communication RF, 4) moving at ~200 km/s, unlike all human 
sources, and 5) initially increasing in frequency to a maximum and then slowly decreasing, 
unlike magnetosonic waves. 
The calculated event rates in Fig. 7 are for a volume of space extending to 10 Earth radii. 
Actually detecting these events at the correspondingly large distances, relatively low frequencies, 
and extremely low power thresholds shown in Fig. 7 would require many or immense antennas 
and very sophisticated signal processing. Design and evaluation of such a detection system is 
beyond the scope of this paper. However, the requirements are so challenging that it is not 
surprising that RF emissions from MQNs have not been detected even if all dark matter is 
composed of MQNs. 
Finally, we note that solar and planetary atmospheres can be even larger-area, but less accessible, 
targets for RF-emitting MQNs.  


Data Availability 
All final analyzed data generated during this study are included in this published article  with 
its Supplements.  
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Supplementary Note: Quark-nugget research summary 
Witten [13] showed quark-nuggets are in the theoretically predicted, ultra-dense, color-flavor-
locked (CFL) phase [25] of quark matter. Steiner, et al. [26] showed that the ground state of the 
CFL phase is color neutral and that color neutrality forces electric charge neutrality, which 
minimizes electromagnetic emissions. However, Xia, et al. [17] found that quark depletion 
causes the ratio Q/A of electric charge Q to baryon number A to be non-zero and varying at Q/A 
~ 0.32 A-1/3 for 3 < A < 105. In addition to this core charge, they find that there is a large surface 
charge and a neutralizing cloud of charge to give a net zero electric charge for sufficiently large 
A. So quark nuggets with A ≫ 1 are both dark and very difficult to detect with astrophysical 
observations.  
Witten and Xia, et al. also showed their density should be somewhat larger than the density of 
nuclei, and their mass very large, even the mass of a star. Large quark nuggets are predicted to be 
stable [13, 14, 25, 27] with mass between 10-8 kg and 1020 kg within a plausible but uncertain 
range of assumed parameters of quantum chromodynamics (QCD) and the MIT bag model with 
its inherent limitations [28].  
Although Witten assumed a first-order phase transition formed quark nuggets, Aoki, et al.[29] 
showed that the finite-temperature QCD transition that formed quark nuggets in the hot early 
universe was very likely an analytic crossover, involving a rapid change as the temperature 
varied, but not a real phase transition. Recent simulations by T. Bhattacharya, et al. [30] support 
the crossover process.  
A combination of quark nuggets and anti-quark nuggets have also been proposed within 
constraints imposed by observations of neutrino flux [31]. Zhitnitsky [16] proposed that Axion 
Quark Nuggets (AQN) that forms quark and anti-quark nuggets were generated by the collapse 
of the axion domain wall network. Although the model relies on the hypothetical particle that is a 
proposed extension of the Standard Model to explain CP violation, it appears to explain a wide 
variety of longstanding problems and leads to quark and anti-quark nuggets with a narrow mass 
distribution at ~10 kg [32]. Atreya, et al. [33] also found that CP-violating quark and anti-quark 
scatterings from moving Z(3) domain walls should form quark and anti-quark nuggets, 
regardless of the order of the quark-hadron phase transition.  
Experiments by A. Bazavov, et al. [34] at the Relativistic Heavy Ion Collider (RHIC) have 
provided the first indirect evidence of strange baryonic matter. Additional experiments at RHIC 
may determine whether the process is a first order phase transition or the crossover process. In 
either case, quark nuggets could have theoretically formed in the early universe. 
In 2001, Wandelt, et al. [20] showed that quark nuggets meet all the theoretical requirements for 
dark matter and are not excluded by observations when the stopping power for quark nuggets in 
the materials covering a detector is properly considered and when the average mass is >105 GeV 


(~2 × 10-22 kg). In 2014, Tulin [22] surveyed additional simulations of increasing sophistication 
and updated the results of Wandelt, et al. The combined results help establish the allowed range 
and velocity dependence of the strength parameter and strengthen the case for quark nuggets. In 
2015, Burdin, et al. [35] examined all non-accelerator candidates for stable dark matter and also 
concluded that quark nuggets meet the requirements for dark matter and have not been excluded 
experimentally. Jacobs, Starkman, and Lynn [18] found that combined Earth-based, 
astrophysical, and cosmological observations still allow quark nuggets of mass 0.055 to 1014 kg 
and 2 × 1017 to 4 × 1021 kg to contribute substantially to dark matter. The large mass means the 
number per unit volume of space is small, so detecting them requires a very large-area detector. 
These studies did not consider an intrinsic magnetic field within quark nuggets. However, 
Tatsumi [23] has shown that the lowest-energy configuration of a quark nugget depends on the 
QCD coupling constant and can be a ferromagnetic liquid that can account for magnetars. He 
calculates the value of the magnetic field at the surface of a quark-nugget core inside a magnetar 
to be 1012±1 T, which is large compared to expected values for the magnetic field at the surface of 
a magnetar star with a quark-nugget core. For a quark nugget of radius rQN and a magnetar of 
radius rs, the magnetic field scales as (rQN/rs)
3. Therefore, the surface magnetic field of a 
magnetar is smaller than 1012 T because rs > rQN. Since quark-nugget dark matter is bare, the 
surface magnetic field of what we wish to detect is 1012±1 T.  
Although the cross section for interacting with dense matter is greatly enhanced [24] by the 
magnetic field which falls off as radius rQN
-3, the collision cross section is still many orders of 
magnitude too small to violate the collision requirements [18, 20, 22, 35] for dark matter and will 
be discussed below.  
Chakrabarty [36] showed that the stability of quark nuggets increases with increasing external 
magnetic field ≤ 1016 T, so the large self-field described by Tatsumi should enhance their 
stability. Ping, et al.[37] showed that magnetized quark nuggets should be absolutely stable with 
the newly-developed equivparticle model, so the large self-field described by Tatsumi should 
ensure that quark nuggets with sufficiently large baryon number will not decay by the weak 
interaction.  
 
The large magnetic field also alters MQN interaction with ordinary matter through the greatly-
enhanced stopping power of the magnetopause around high-velocity MQNs moving through a 
plasma [24]. Searches [38] for quark nuggets with underground detectors would not be sensitive 
to highly magnetized quark nuggets, which cannot penetrate the material above the detector. For 
example, the paper by Gorham and Rotter [31] about constraints on anti-quark nugget dark 
matter (which do not constrain quark-nuggets unless the ratio of anti-quark nuggets to quark 
nuggets is shown to be large) assumes that limits on the flux of magnetic monopoles from 
analysis by Price, et al. [39] of geologic mica buried under 3 km of rock are also applicable to 
quark nuggets. Gorham and Rotter also cite work by Porter, et al. [40-41] as constraining quark-
nugget (nuclearite) contributions to dark matter by the absence of meteor-like objects in the 
lower atmosphere that are fast enough to be quark nuggets. Bassan, et al. [42] looked for quark 
nuggets (nuclearites) with gravitational wave detectors and found signals much less than 
expected for the flux of dark matter. However, all of these analyses assumed quark nuggets can 
reach the detector volume because the cross section for momentum transfer is the geometric 


cross section. In contrast, the MQN magnetopause cross section [24] is many orders of 
magnitude larger and prevents all but the most massive MQNs from being detected.  
 
Supplementary Results: Representative Data Tables for Sensor Design 
Table S1 through Table S4 respectively provide representative events for Bo equals 1.5 × 10
12 T, 
2.0 × 1012 T, 2.5 × 1012 T, and 3.0 × 1012 T. The tables show the computed parameters for MQN 
events with RF power greater than 1 nW and with sufficient flux to place them in the most 
probable 80% of the total number of events. The information should be useful for designing 
sensors for detecting MQNs. 
The computed mass distribution [44] of MQNs extend over 30 orders of magnitude, from ~ 10-24 
kg to > 106 kg. To cover such a large range, we approximated the mass distributions by the 
distribution of decadal masses. Calculated trajectories for the masses in the logarithmic center of 
each decade of mass approximate the behaviors of all the MQNs in that decade. Decade mass is 
listed in the left most column of the tables. The total flux for all masses in a decade of mass have 
been calculated in aggregation simulations [44] and that decadal flux is given in the 7th column 
of the Tables. Multiplying that flux by the area of the earth and the 5.56 factor to generalize the 
unidirectional result to omni-directional results gives the event rate in the 8th column. The last 
(9th column) is the sum of the entries in the 8th column to get the running total of the events per 
year detectable by a perfect detector for all masses and all altitudes for all MQNs that radiate at 
more than 1 nW. Each of the four tables is for the indicated value of the surface-magnetic-field 
parameter Bo. 
 


Table S1: Representative results for Bo = 1.5 × 1012 T.  
MQN 
Mass (kg) 
Altitude h 
(m) 
∆h  
(m) 
Frequency 
(Hz) 
τ _down 
(s) 
RF power 
(W) 
Flux  
(m-2y-1sr-1) 
Number/y 
for all 
directions 
Cumulative 
Number/y 
from all 
directions 
0.3 6.38x107 6.38x106 3.00x105 2.10x105 1.75x10-7 2.63x10-14 3.93x102 393 
0.3 5.74x107 5.74x106 1.00x105 1.89x106 2.16x10-9 2.63x10-14 3.21x102 714 
3.0 6.38x107 6.38x106 2.00x105 2.19x105 3.46x10-6 1.93x10-14 2.88x102 1002 
0.3 5.17x107 5.17x106 2.00x105 4.72x105 3.46x10-8 2.63x10-14 2.63x102 1265 
0.03 5.74x107 5.74x106 4.00x105 2.54x105 5.54x10-9 1.93x10-14 2.36x102 1501 
3.0 5.74x107 5.74x106 1.00x105 8.77x105 2.16x10-7 1.93x10-14 2.36x102 1737 
0.3 4.65x107 4.65x106 1.00x105 1.89x106 2.16x10-9 2.63x10-14 2.16x102 1953 
3.0 5.17x107 5.17x106 1.00x105 8.77x105 2.16x10-7 1.93x10-14 1.93x102 2146 
0.3 4.18x107 4.18x106 1.00x105 1.89x106 2.16x10-9 2.63x10-14 1.77x102 2323 
3.0 4.65x107 4.65x106 1.00x105 8.77x105 2.16x10-7 1.93x10-14 1.58x102 2482 
0.3 3.77x107 3.77x106 1.00x105 1.89x106 2.16x10-9 2.63x10-14 1.46x102 2628 
3.0 4.18x107 4.18x106 1.00x105 8.77x105 2.16x10-7 1.93x10-14 1.30x102 2758 
0.3 3.39x107 3.39x106 1.00x105 1.89x106 2.16x10-9 2.63x10-14 1.20x102 2878 
3.0 3.77x107 3.77x106 1.00x105 8.77x105 2.16x10-7 1.93x10-14 1.07x102 2985 
0.3 3.05x107 3.05x106 2.00x105 4.72x105 3.46x10-8 2.63x10-14 9.91x101 3084 
3.0 3.39x107 3.39x106 1.00x105 8.77x105 2.16x10-7 1.93x10-14 8.81x101 3172 
0.3 2.75x107 2.75x106 3.00x105 2.10x105 1.75x10-7 2.63x10-14 8.19x101 3254 
3.0 3.05x107 3.05x106 8.00x105 1.37x104 8.86x10-4 1.93x10-14 7.27x101 3327 
0.3 2.47x107 2.47x106 4.00x105 1.18x105 5.54x10-7 2.63x10-14 6.78x101 3395 
30.0 6.38x107 6.38x106 2.00x105 1.02x105 3.46x10-4 4.21x10-15 6.28x101 3458 
0.03 2.75x107 2.75x106 5.00x105 1.63x105 1.35x10-8 1.93x10-14 6.01x101 3518 
3.0 2.75x107 2.75x106 2.00x105 2.19x105 3.46x10-6 1.93x10-14 6.01x101 3578 
0.3 2.22x107 2.22x106 1.00x105 1.89x106 2.16x10-9 2.63x10-14 5.62x101 3634 
30.0 5.74x107 5.74x106 2.00x105 1.02x105 3.46x10-4 4.21x10-15 5.14x101 3685 
3.0 2.47x107 2.47x106 2.00x105 2.19x105 3.46x10-6 1.93x10-14 4.97x101 3735 
0.3 2.00x107 2.00x106 2.00x105 4.72x105 3.46x10-8 2.63x10-14 4.67x101 3782 
30.0 5.17x107 5.17x106 3.00x105 4.52x104 1.75x10-3 4.21x10-15 4.21x101 3824 
3.0 2.22x107 2.22x106 2.00x105 2.19x105 3.46x10-6 1.93x10-14 4.12x101 3865 
0.3 1.80x107 1.80x106 1.00x105 1.89x106 2.16x10-9 2.63x10-14 3.89x101 3904 
30.0 4.65x107 4.65x106 1.00x105 4.07x105 2.16x10-5 4.21x10-15 3.46x101 3939 
3.0 2.00x107 2.00x106 2.00x105 2.19x105 3.46x10-6 1.93x10-14 3.43x101 3973 
0.3 1.62x107 1.62x106 1.00x105 1.89x106 2.16x10-9 2.63x10-14 3.25x101 4005 
3000.0 6.38x107 6.38x106 3.00x105 9.74x103 1.75x101 2.11x10-15 3.14x101 4037 
300.0 6.38x107 6.38x106 4.00x105 1.18x104 5.54x10-1 2.11x10-15 3.14x101 4068 

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Table S2: Representative results for Bo = 2.0 × 1012 T.  
MQN 
Mass (kg) 
Altitude h 
(m) 
∆h  
(m)  
Frequency 
(Hz) 
τ _down 
(s) 
RF 
power 
(W) 
Flux  
(m-2y-1sr-1) 
Number/y 
for all 
directions 
Cumulative 
Number/y 
from all 
directions 
0.3 6.4x107 6.4x106 3.0x105 1.2x105 3.1x10-7 1.8x10-15 2.65x101 26.5 
3.0 6.4x107 6.4x106 2.0x105 1.2x105 6.2x10-6 1.6x10-15 2.36x101 50.1 
0.3 5.7x107 5.7x106 2.0x105 2.7x105 6.2x10-8 1.8x10-15 2.17x101 71.8 
3.0 5.7x107 5.7x106 1.0x105 4.9x105 3.8x10-7 1.6x10-15 1.93x101 91.2 
0.3 5.2x107 5.2x106 2.0x105 2.7x105 6.2x10-8 1.8x10-15 1.78x101 108.9 
3.0 5.2x107 5.2x106 5.0x105 2.0x104 2.4x10-4 1.6x10-15 1.58x101 124.8 
0.3 4.6x107 4.6x106 1.0x105 1.1x106 3.8x10-9 1.8x10-15 1.46x101 139.4 
3.0 4.6x107 4.6x106 1.0x105 4.9x105 3.8x10-7 1.6x10-15 1.30x101 152.4 
0.3 4.2x107 4.2x106 1.0x105 1.1x106 3.8x10-9 1.8x10-15 1.20x101 164.3 
0.03 4.2x107 4.2x106 4.0x105 1.4x105 9.8x10-9 1.7x10-15 1.15x101 175.8 
3.0 4.2x107 4.2x106 1.0x105 4.9x105 3.8x10-7 1.6x10-15 1.07x101 186.5 
0.3 3.8x107 3.8x106 1.0x105 1.1x106 3.8x10-9 1.8x10-15 9.86x100 196.4 
3.0 3.8x107 3.8x106 2.0x105 1.2x105 6.2x10-6 1.6x10-15 8.78x100 205.1 
0.3 3.4x107 3.4x106 2.0x105 2.7x105 6.2x10-8 1.8x10-15 8.12x100 213.2 
3.0 3.4x107 3.4x106 4.0x105 3.1x104 9.8x10-5 1.6x10-15 7.23x100 220.5 
0.3 3.1x107 3.1x106 3.0x105 1.2x105 3.1x10-7 1.8x10-15 6.70x100 227.2 
30.0 6.4x107 6.4x106 2.0x105 5.7x104 6.2x10-4 4.1x10-16 6.17x100 233.3 
3.0 3.1x107 3.1x106 7.0x105 1.0x104 9.2x10-4 1.6x10-15 5.96x100 239.3 
0.3 2.7x107 2.7x106 2.0x105 2.7x105 6.2x10-8 1.8x10-15 5.53x100 244.8 
0.03 2.7x107 2.7x106 3.0x105 2.5x105 3.1x10-9 1.7x10-15 5.30x100 250.1 
30.0 5.7x107 5.7x106 2.0x105 5.7x104 6.2x10-4 4.1x10-16 5.05x100 255.2 
3.0 2.7x107 2.7x106 3.0x105 5.5x104 3.1x10-5 1.6x10-15 4.93x100 260.1 
0.3 2.5x107 2.5x106 1.0x105 1.1x106 3.8x10-9 1.8x10-15 4.58x100 264.7 
0.03 2.5x107 2.5x106 5.0x105 9.2x104 2.4x10-8 1.7x10-15 4.39x100 269.1 
30.0 5.2x107 5.2x106 3.0x105 2.5x104 3.1x10-3 4.1x10-16 4.14x100 273.2 
3.0 2.5x107 2.5x106 2.0x105 1.2x105 6.2x10-6 1.6x10-15 4.08x100 277.3 
0.3 2.2x107 2.2x106 1.0x105 1.1x106 3.8x10-9 1.8x10-15 3.80x100 281.1 
0.03 2.2x107 2.2x106 5.0x105 9.2x104 2.4x10-8 1.7x10-15 3.64x100 284.7 
30.0 4.6x107 4.6x106 1.0x105 2.3x105 3.8x10-5 4.1x10-16 3.40x100 288.1 
3.0 2.2x107 2.2x106 4.0x105 3.1x104 9.8x10-5 1.6x10-15 3.38x100 291.5 
0.3 2.0x107 2.0x106 1.0x105 1.1x106 3.8x10-9 1.8x10-15 3.15x100 294.7 
0.03 2.0x107 2.0x106 4.0x105 1.4x105 9.8x10-9 1.7x10-15 3.03x100 297.7 
300.0 6.4x107 6.4x106 4.0x105 6.6x103 9.8x10-1 1.9x10-16 2.91x100 300.6 
3.0 2.0x107 2.0x106 1.0x105 4.9x105 3.8x10-7 1.6x10-15 2.81x100 303.4 
30.0 4.2x107 4.2x106 5.0x105 9.2x103 2.4x10-2 4.1x10-16 2.79x100 306.2 
0.3 1.8x107 1.8x106 1.0x105 1.1x106 3.8x10-9 1.8x10-15 2.63x100 308.8 
300.0 5.7x107 5.7x106 2.0x105 2.7x104 6.2x10-2 1.9x10-16 2.38x100 311.2 
0.003 1.2x107 1.2x106 8.0x105 7.7x104 1.6x10-9 3.2x10-15 2.35x100 313.6 
3.0 1.8x107 1.8x106 2.0x105 1.2x105 6.2x10-6 1.6x10-15 2.34x100 315.9 
30.0 3.8x107 3.8x106 3.0x105 2.5x104 3.1x10-3 4.1x10-16 2.30x100 318.2 
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Table S3: Representative results for Bo = 2.5 × 1012 T.  
MQN 
Mass (kg) 
Altitude h 
(m) 
∆h (m) Frequency 
(Hz) 
τ _down 
(s) 
RF 
power 
(W) 
Flux  
(m-2y-1sr-1) 
Number/y 
for all 
directions 
Cumulative 
Number/y 
from all 
directions 
3.0 6.4x107 6.4x106 3.0x105 3.5x104 4.9x10-5 5.5x10-17 8.14x10-1 0.81 
0.03 6.4x107 6.4x106 3.0x105 1.6x105 4.9x10-9 5.5x10-17 8.14x10-1 1.63 
0.3 6.4x107 6.4x106 5.0x105 2.7x104 3.8x10-6 5.5x10-17 8.14x10-1 2.44 
3.0 5.7x107 5.7x106 2.0x105 7.9x104 9.6x10-6 5.5x10-17 6.66x10-1 3.11 
0.03 5.7x107 5.7x106 5.0x105 5.9x104 3.8x10-8 5.5x10-17 6.66x10-1 3.77 
0.3 5.7x107 5.7x106 3.0x105 7.6x104 4.9x10-7 5.5x10-17 6.66x10-1 4.44 
3.0 5.2x107 5.2x106 4.0x105 2.0x104 1.5x10-4 5.5x10-17 5.46x10-1 4.99 
0.03 5.2x107 5.2x106 3.0x105 1.6x105 4.9x10-9 5.5x10-17 5.46x10-1 5.53 
0.3 5.2x107 5.2x106 4.0x105 4.2x104 1.5x10-6 5.5x10-17 5.46x10-1 6.08 
3.0 4.6x107 4.6x106 3.0x105 3.5x104 4.9x10-5 5.5x10-17 4.48x10-1 6.53 
0.3 4.6x107 4.6x106 3.0x105 7.6x104 4.9x10-7 5.5x10-17 4.48x10-1 6.98 
0.3 4.2x107 4.2x106 7.0x105 1.4x104 1.4x10-5 5.5x10-17 3.68x10-1 7.34 
3.0 4.2x107 4.2x106 2.0x105 7.9x104 9.6x10-6 5.5x10-17 3.68x10-1 7.71 
3.0 3.8x107 3.8x106 1.0x105 3.2x105 6.0x10-7 5.5x10-17 3.03x10-1 8.01 
0.3 3.8x107 3.8x106 1.0x105 6.8x105 6.0x10-9 5.5x10-17 3.03x10-1 8.32 
3.0 3.4x107 3.4x106 1.0x105 3.2x105 6.0x10-7 5.5x10-17 2.49x10-1 8.57 
0.3 3.4x107 3.4x106 7.0x105 1.4x104 1.4x10-5 5.5x10-17 2.49x10-1 8.81 
30.0 6.4x107 6.4x106 2.0x105 3.7x104 9.6x10-4 1.5x10-17 2.17x10-1 9.03 
3.0 3.1x107 3.1x106 1.0x105 3.2x105 6.0x10-7 5.5x10-17 2.06x10-1 9.24 
0.3 3.1x107 3.1x106 1.0x105 6.8x105 6.0x10-9 5.5x10-17 2.06x10-1 9.44 
30.0 5.7x107 5.7x106 1.0x105 1.5x105 6.0x10-5 1.5x10-17 1.78x10-1 9.62 
3.0 2.7x107 2.7x106 1.0x105 3.2x105 6.0x10-7 5.5x10-17 1.70x10-1 9.79 
0.03 2.7x107 2.7x106 8.0x105 2.3x104 2.5x10-7 5.5x10-17 1.70x10-1 9.96 
0.3 2.7x107 2.7x106 1.0x105 6.8x105 6.0x10-9 5.5x10-17 1.70x10-1 10.13 
3000.0 6.4x107 6.4x106 3.0x105 3.5x103 4.9x101 1.0x10-17 1.52x10-1 10.28 
30.0 5.2x107 5.2x106 2.0x105 3.7x104 9.6x10-4 1.5x10-17 1.46x10-1 10.43 
3.0 2.5x107 2.5x106 5.0x105 1.3x104 3.8x10-4 5.5x10-17 1.41x10-1 10.57 
0.3 2.5x107 2.5x106 3.0x105 7.6x104 4.9x10-7 5.5x10-17 1.41x10-1 10.71 
3000.0 5.7x107 5.7x106 1.0x105 3.2x104 6.0x10-1 1.0x10-17 1.24x10-1 10.83 
30.0 4.6x107 4.6x106 1.0x105 1.5x105 6.0x10-5 1.5x10-17 1.19x10-1 10.95 
3.0 2.2x107 2.2x106 1.0x105 3.2x105 6.0x10-7 5.5x10-17 1.17x10-1 11.07 
0.3 2.2x107 2.2x106 4.0x105 4.2x104 1.5x10-6 5.5x10-17 1.17x10-1 11.19 
3000.0 5.2x107 5.2x106 2.0x105 7.9x103 9.6x100 1.0x10-17 1.02x10-1 11.29 
30.0 4.2x107 4.2x106 4.0x105 9.2x103 1.5x10-2 1.5x10-17 9.81x10-2 11.39 
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Table S4: Representative results for Bo = 3.0 × 1012 T.  
MQN 
Mass (kg) 
Altitude h 
(m) 
∆h 
 (m) 
Frequency 
(Hz) 
τ _down 
(s) 
RF 
power 
(W) 
Flux  
(m-2y-1sr-1) 
Number/y 
for all 
directions 
Cumulative 
Number/y 
from all 
directions 
0.03 6.4x107 6.4x106 3.0x105 1.1x105 7.0x10-9 1.0x10-17 1.50x10-1 0.15 
0.3 6.4x107 6.4x106 6.0x105 1.3x104 1.1x10-5 9.7x10-18 1.45x10-1 0.29 
3.0 6.4x107 6.4x106 5.0x105 8.8x103 5.4x10-4 9.6x10-18 1.43x10-1 0.44 
0.03 5.7x107 5.7x106 2.0x105 2.5x105 1.4x10-9 1.0x10-17 1.23x10-1 0.56 
0.3 5.7x107 5.7x106 2.0x105 1.2x105 1.4x10-7 9.7x10-18 1.18x10-1 0.68 
3.0 5.7x107 5.7x106 2.0x105 5.5x104 1.4x10-5 9.6x10-18 1.17x10-1 0.80 
0.03 5.2x107 5.2x106 5.0x105 4.1x104 5.4x10-8 1.0x10-17 1.01x10-1 0.90 
0.3 5.2x107 5.2x106 4.0x105 3.0x104 2.2x10-6 9.7x10-18 9.69x10-2 0.99 
3.0 5.2x107 5.2x106 1.0x105 2.2x105 8.7x10-7 9.6x10-18 9.56x10-2 1.09 
0.3 4.6x107 4.6x106 2.0x105 1.2x105 1.4x10-7 9.7x10-18 7.95x10-2 1.17 
3.0 4.6x107 4.6x106 2.0x105 5.5x104 1.4x10-5 9.6x10-18 7.84x10-2 1.25 
0.03 4.2x107 4.2x106 2.0x105 2.5x105 1.4x10-9 1.0x10-17 6.80x10-2 1.32 
0.3 4.2x107 4.2x106 2.0x105 1.2x105 1.4x10-7 9.7x10-18 6.53x10-2 1.38 
3.0 4.2x107 4.2x106 2.0x105 5.5x104 1.4x10-5 9.6x10-18 6.44x10-2 1.44 
0.03 3.8x107 3.8x106 2.0x105 2.5x105 1.4x10-9 1.0x10-17 5.59x10-2 1.50 
0.3 3.8x107 3.8x106 2.0x105 1.2x105 1.4x10-7 9.7x10-18 5.37x10-2 1.55 
3.0 3.8x107 3.8x106 1.0x105 2.2x105 8.7x10-7 9.6x10-18 5.30x10-2 1.61 
0.3 3.4x107 3.4x106 1.0x105 4.7x105 8.7x10-9 9.7x10-18 4.42x10-2 1.65 
3.0 3.4x107 3.4x106 2.0x105 5.5x104 1.4x10-5 9.6x10-18 4.36x10-2 1.70 
30.0 6.4x107 6.4x106 2.0x105 2.5x104 1.4x10-3 2.9x10-18 4.36x10-2 1.74 
0.3 3.1x107 3.1x106 3.0x105 5.2x104 7.0x10-7 9.7x10-18 3.65x10-2 1.78 
3.0 3.1x107 3.1x106 2.0x105 5.5x104 1.4x10-5 9.6x10-18 3.60x10-2 1.81 
30.0 5.7x107 5.7x106 1.0x105 1.0x105 8.7x10-5 2.9x10-18 3.57x10-2 1.85 
3000.0 6.4x107 6.4x106 3.0x105 2.4x103 7.0x101 2.4x10-18 3.56x10-2 1.88 
0.3 2.7x107 2.7x106 2.0x105 1.2x105 1.4x10-7 9.7x10-18 3.02x10-2 1.91 
3.0 2.7x107 2.7x106 1.0x105 2.2x105 8.7x10-7 9.6x10-18 2.97x10-2 1.94 
30.0 5.2x107 5.2x106 1.0x105 1.0x105 8.7x10-5 2.9x10-18 2.92x10-2 1.97 
3000.0 5.7x107 5.7x106 1.0x105 2.2x104 8.7x10-1 2.4x10-18 2.92x10-2 2.00 
0.3 2.5x107 2.5x106 1.0x105 4.7x105 8.7x10-9 9.7x10-18 2.50x10-2 2.03 
3.0 2.5x107 2.5x106 6.0x105 6.1x103 1.1x10-3 9.6x10-18 2.46x10-2 2.05 
30.0 4.6x107 4.6x106 1.0x105 1.0x105 8.7x10-5 2.9x10-18 2.40x10-2 2.07 
3000.0 5.2x107 5.2x106 2.0x105 5.5x103 1.4x101 2.4x10-18 2.39x10-2 2.10 
0.3 2.2x107 2.2x106 1.0x105 4.7x105 8.7x10-9 9.7x10-18 2.07x10-2 2.12 
3.0 2.2x107 2.2x106 1.0x105 2.2x105 8.7x10-7 9.6x10-18 2.04x10-2 2.14 
 
 
 
